Rationale 3,4-Methylenedioxymethamphetamine (MDMA; "Ecstasy") use has been associated with acute toxicities and persistent depletion of the neurotransmitter serotonin (5-HT). Objectives This study investigates whether sex differences in the acute and long-term effects of MDMA exist. Methods Male and female rats received saline or 15 mg/kg MDMA, ip, bid for 4 days. Temperature was monitored on days 1 and 4. Locomotor activity was measured in a second cohort of animals on days 1 and 4 and after recovery on day 14. The effects of MDMA on performance in a plus maze task and brain levels of serotonin (5-HT) and the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) were determined in a third cohort of animals 2 weeks after the last MDMA treatment. Results Locomotor activity and temperature increased after MDMA administration on day 1. The drug-induced increases in temperature but not locomotion attenuated with repeated MDMA administration. Male and female MDMA-treated rats spent less time in the open arms of the elevated plus maze and had less 5-HT and 5-HIAA in all brain regions 2 weeks after the end of treatment. Temperature effects of MDMA and persistent effects on plus maze and brain serotonin content were similar in males and females. In contrast, females exhibited markedly greater locomotor stimulation after acute MDMA and also showed sensitization to an acute challenge 2 weeks later. Conclusions MDMA elicits substantially greater locomotor activation in female rats than in males, but persistent effects on anxiety and serotonin content were similar in males and females.
Introduction 3,4-Methylenedioxymethamphetamine (MDMA) elicits a unique behavioral profile that includes both pleasant and unpleasant physiological and psychological changes. MDMA increases heart rate, blood pressure, and body temperature, and influences learning and memory, anxiety, feelings of closeness, and hostility (Kalant 2001) . MDMA causes a carrier-mediated release of 5-HT that at high doses produces an acute depletion at 4-6 h, with recovery by 24 h (Schmidt 1987) . High-dose MDMA treatment in animals also causes a second, more long-lasting impairment of 5-HT systems. This second phase is characterized by decreases in 5-HT and 5-hydroxyindoleacetic acid (5-HIAA), tryptophan hydroxylase activity, and the density of 5-HT reuptake sites (see review by Lyles and Cadet 2003) . Although the patterns of exposure are quite different in rodent exposure models and typical human use and mediating mechanisms might be different, similar MDMAinduced decrements in 5-HT systems are reported in heavy MDMA users, including decreased concentrations of 5-HT and 5-HIAA in cerebrospinal fluid (McCann et al. 1994) and a decrease in the number of 5-HT transporter binding (Buchert et al. 2004; De Win et al. 2004; Ricaurte et al. 2000; Semple et al. 1999) .
Heavy MDMA use affects both mood and cognition in humans (Gouzoulis-Mayfrank et al. 2000; McCardle et al. 2004; Montoya et al. 2002; Morgan 2000; Verdejo-Garcia et al. 2005) . Some human MDMA users have also reported increased levels of anxiety that can persist even after periods of abstinence from the drug (Gamma et al. 2000; Parrott 2000; Verkes et al. 2001; Wareing et al. 2000) . Animals treated with brief, high-dose regimens also exhibit persistent increases in anxiety-like behaviors, even without long-term serotonin depletion (Clemens et al. 2004; Fone et al. 2002; Gurtman et al. 2002; McGregor et al. 2003) .
Few studies have investigated sex differences in MDMA effects. Women report greater subjective effects of the drug, including greater thought disturbances, perceptual changes, and fear of loss of body control (Liechti et al. 2001 ) and more midweek low after weekend use (Verheyden et al. 2002) . In contrast, men experience greater increases in blood pressure (Liechti et al. 2001 ). Sex differences in the persevering effects of MDMA are more poorly understood, although greater reductions in the density of 5-HT transporters and the levels of 5-HIAA in women have been reported (Buchert et al. 2004; De Win et al. 2004; McCann et al. 1994) . Although these reports suggest that the effects of MDMA are not equivalent in men and women, a number of factors affect this conclusion. The doses ingested by men and women may be different. In addition, there is often a high rate of polydrug use that may differ in men and women. Finally, preexisting differences in both serotonergic function and cognitive and emotional function may confound interpretation of the results.
Animal studies of sex differences in MDMA effects are even sparser. Fitzgerald et al. (1989) showed a higher level of MDMA, but not the metabolite MDA, in the plasma of female rats after a single drug injection, whereas Chu et al. (1996) reported lower brain concentrations of MDA, but not MDMA, in female rats after MDMA. Two recent behavioral studies report that females show enhanced locomotion, less startle response, and comparable effects in the plus maze Pelenicek et al. 2005) .
The current study investigated sex differences in the effects of acute and repeated MDMA administration to rodents. Ear temperature and locomotor activity were determined after acute MDMA treatment. Locomotor activity, behavior in the elevated plus maze, and regional content of 5-HT and 5-HIAA were determined 2 weeks after the last treatment. These measures were selected because they are both sensitive and highly relevant to persistent adverse effects in human populations.
Materials and methods
Animals Adult male and female Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC, USA) arrived at 60 days of age at least 1 week prior to testing. At the age of testing, rats were young adults (Spear 2000) . Rats were housed three per cage under a 12:12 light-dark cycle with lights on at 6:00 a.m. in a controlled temperature and humidity environment. Food and water were available ad libitum. Animal care was in accordance with the principles of laboratory animal care as detailed in the Guide for the Care and Use of Laboratory Animals (NIH publication 865-23, Bethesda, MD, USA) and approved by the Institutional Animal Care and Use Committee. Female rats were used without regard to estrous cycle. Since the original treatment involved multiple days, it would have been impossible to conduct all aspects of the study at defined points in the estrous cycle.
Drug administration (±) 3,4-Methylenedioxymethamphetamine was provided by the National Institute on Drug Abuse (Rockville, MD). (±) MDMA was dissolved in 0.9% saline and delivered intraperitoneally in 1 ml/kg. Animals received either saline or 15 mg/kg MDMA. Injections were delivered every 12 h (approximately 9 a.m. and 9 p.m.) for a total of eight injections over 4 consecutive days. This protocol was chosen because it produces persistent deficits in serotonin and changes in anxiety-like behaviors in adult rats (Lyles and Cadet 2003) .
Experimental procedure Separate cohorts of animals were used to determine MDMA effects on body temperature, locomotion, and anxiety. Temperature and locomotor activity were monitored immediately following the morning injection of MDMA on days 1 and 4. Rats from all cohorts were singly housed during drug treatment to reduce hyperthermia (Dr. George Ricaurte, personal communication) . Two weeks after the start of drug administration, behavioral testing on the elevated plus maze was performed. These rats were killed on day 18 for measurement of 5-HT and 5-HIAA content. All procedures were conducted in the same animal suite that was kept at an ambient temperature of 23-24°C for all experiments.
Temperature Ear temperature was measured using an Instant Ear Thermometer (Vet-Temp, Inc., San Diego, CA, USA) inserted slightly into the ear canal. Temperature was recorded directly before drug administration and 1, 2, and 3 h after treatment. Saline-treated male and female rats served as controls in this experiment. This device, although not as precise as an implanted probe, measures temperature to within 0.03°C. A pilot study showed that rectal and ear probes yield comparable results for both basal and MDMAinduced increases.
Locomotor activity Activity experiments were performed in photocell devices (San Diego Instruments, Inc., San Diego, CA, USA). Interruptions of photobeams spaced 2.5 cm apart were recorded at 5-min intervals. Horizontal activity is reported as distance traveled in centimeters, and vertical activity is reported as the number of interruptions of rearing photobeams. Animals were placed in the chambers for a 30-min habituation period, then injected with saline or MDMA as described above. Locomotor activity was monitored for 5 h after the injection.
Elevated plus maze The elevated plus maze consisted of two open arms (60 cm×9 cm) and two perpendicular closed arms (60 cm×9 cm), forming a "plus" with a center square (9 cm×9 cm) 60 cm off the ground. The closed arms had a 50-cm wall. Open arms had a 1-cm edge. Each rat was placed in an open field arena identical to the one used for locomotor testing for 5 min directly before plus maze testing to increase activity on the elevated plus maze and to enhance the likelihood of detecting both anxiogenic-and anxiolytic-like drug effects (Pellow and File 1986; Pellow et al. 1985) . Determination of brain 5-HT and 5-HIAA concentration Rats were killed 18 days following the initiation of MDMA administration, and the striatum, hypothalamus, hippocampus, and cortex were collected and stored at −80°C until assay. The concentration of 5-HT and 5-HIAA was determined by a slight modification of previously used high-performance liquid chromatography (HPLC) method (Bero and Kuhn 1987) . Tissue samples were homogenized in 0.2 N PCA containing 0.5 mM EDTA and 0.5 mM sodium metabisulfite and centrifuged at 10,000×g, and the supernatant was injected onto the HPLC. The sample is enriched on a C18 precolumn (mobile phase: 0.05 M citrate, 0.05 M dibasic sodium phosphate, 0.5 mM EDTA at pH 3.5) and eluted onto an analytical C18 column (same mobile phase with 4-8% acetonitrile). Samples were detected by electrochemical detection with detector potential set at +0.55 mV vs Ag/AgCl reference electrode. Data were collected with a computer-based data collection system and quantitated with the use of internal standard and external standard curves.
Statistical analysis All data were analyzed using analysis of variance (ANOVA) with the p value set at 0.05 for significant effects. Newman-Keuls post hoc analysis was performed on all significant effects. All statistical testing was completed using NCSS 2000 software (NCSS, Inc., Kaysville, UT, USA). The effect of MDMA on temperature was assessed with a 2 (sex) × 2 (treatment) ANOVA with treatment day and time after injection as repeated measures. The effect of MDMA on locomotor activity was determined by completing separate analyses for horizontal and vertical activity with a 2 (sex) × 2 (treatment: saline or MDMA) ANOVA with time after injection as a repeated measure. Changes in motor activity during the habituation period and following MDMA administration across days (1, 4, and 14) were assessed by three-way repeated-measures ANOVA with sex and treatment as the between-subjects variable and day as the within-subject variable. Subsequent ANOVAs for each sex were also performed. The effects of sex and MDMA treatment on the elevated plus maze performance were analyzed with a 2 (sex) × 2 (drug treatment) ANOVA on the time spent in the open arms and open arm entries. Similar ANOVA analysis determined the effects of sex and MDMA treatment on the levels of 5-HT and 5-HIAA as dependent variables (nanograms per milligram wet tissue weight) for each brain region.
Results
Acute effects of MDMA Figure 1a shows that MDMA administration on day 1 increased ear temperature similarly in both male and female rats. Repeated-measures ANOVA indicated a significant main effect of treatment [F(1, 28)=13.1, p<.001] and an effect of time after administration [F(3, 84)=4.66, p<.005 and F(3, 84)=6.91, p<.001] for an interaction of treatment × time. There was no main effect of, or interaction with, sex. Figure 1b shows the time course of temperature changes on day 4 (following the seventh of eight treatments). MDMA did not affect ear temperature on day 4, indicating that both sexes became tolerant to the MDMA-induced hyperthermia across days of administration. Figure 2a shows that horizontal activity increased following MDMA administration in both male and female rats. Activity increased significantly more in females than in males [F(1, 32)=19.78, p<.001 for effect of sex; F(1, 32)=238.9, p<.001 for effect of treatment; F(1, 32)=15.5, p<.001 for interaction of sex × treatment; F(29, 928)=11.4, p<.001 for effect of time; F(29, 928)=5.67, p<.001 for interaction of treatment × time]. Figure 2b shows that MDMA also caused marked sex differences in rearing activity. MDMA induced a delayed but marked incidence of rearing in females but only modest increases in males [F(1, 32) The locomotor response to 15 mg/kg MDMA on day 1 (at the start of treatment), day 4 (at the end of treatment), and on day 14 (after 10 days of recovery) is shown in Fig. 4 . Responses to saline treatment were small and did not change across days, and they are not shown to There was no significant main effect of sex, and no interaction with treatment. This reduction was not due to decreased locomotor activity, as there was no effect of treatment on the activity measure of total number of arm entries (data not shown).
MDMA treatment produced significant and comparable decreases in the levels of 5-HT and 5-HIAA in the hippocampus, striatum, hypothalamus, and cortex of male and female rats (see Fig. 6a-h ). ANOVA revealed a significant main effect of treatment on the level of 5-HT in the striatum [F(1,45) Habituation data on day 1 preceded initiation of MDMA treatment (days 1-4). Bar heights depict summed activity over the 60 min of habituation. MDMA treatment decreased horizontal activity in females and vertical activity in both males and females on day 4. *Significantly different than day 1 data of the same sex and treatment (p<.05) Fig. 4 Horizontal (a) and vertical (b) motor activity after MDMA (15 mg/kg) on treatment days 1, 4, and 14 (n=9 per group). Bar heights depict summed activity over the 5 h after challenge. Horizontal activity increased in females on day 14 relative to days 1 and 4. *Significantly different than females on days 1 and 4 (p<.05)
Discussion
This study reports that rats exhibit sex specificity in MDMA locomotor effects, but not in other acute effects, or in enduring neurochemical or behavioral effects. Female rats showed remarkably greater behavioral activation than males after MDMA treatment initially and upon challenge after a 2-week recovery period. MDMA caused a modest and comparable elevation in temperature in both males and females. The depletions of 5-HT and 5-HIAA and increased time spent in the closed arms of the plus maze 2 weeks after the last treatment also were similar in males and females.
The markedly greater locomotor response to MDMA observed in females is consistent with the enhanced response of female rats to many psychomotor stimulants including cocaine and amphetamine (Becker et al. 1982; Festa and Quinones-Jenab 2004; Walker et al. 2001) . Two recent reports of increased locomotor responses to MDMA in females relative to males and in ovariectomized females following estrogen treatment are consistent with the present report (Pelenicek et al. 2005; Zhou et al. 2003) . The latter study supports a role for ovarian hormones in this augmented response. In the present study, enhanced responses were observed even though females were used irrespective of estrous cycle stage: it is likely that responses of females during high-estrogen phases of the cycle are even higher than the mean response that we recorded. The largest stimulant responses in female rats are typically observed during high-estrogen phases of the cycle (Walker et al. 2002) , but significantly greater responses than males are observed even when females are used irrespective of cycle (Quinones-Jenab et al. 1999; Sell et al. 2000; Walker et al. 2001) . A recent report of enhanced locomotor responses in prepubertal male rats relative to females may well reflect that lack of ovarian steroid enhancement in prepubertal females (Koenig et al. 2005) .
The mechanism by which MDMA increases locomotor activity more in females is likely due to gonadal steroid effects on the dopaminergic and serotonergic mechanisms through which MDMA acts. MDMA releases dopamine both directly and indirectly through 5-HT release (Callaway et al. 1990; Koch and Galloway 1997; Schmidt et al. 1992; Yamamoto and Spanos 1988) . Both 5-HT 1B and 5-HT 2 receptors can influence the MDMA locomotor response, although both stimulatory and inhibitory effects have been reported (Bankson and Cunningham 2002; Kehne et al. 1996; McCreary et al. 1999; Schmidt et al. 1992) . Estrogen enhances basal, stimulated, and stimulant-induced dopamine release as well as both dopamine and serotonin receptors (see reviews by Becker 1999; Cyr et al. 2002) .
The sex difference in locomotor activation is not likely caused by a difference in the pharmacokinetics of MDMA. Previous studies in rodents have shown that male and female rats have comparable brain levels of MDMA after acute treatment (Chu et al. 1996) . In the present study, the acute hyperthermic effects of MDMA as well as the persevering effects on both serotonin and anxiety were comparable in males and females. Similar results of comparable 5-HT depletion in males and females were also reported by Slikker et al. (1989) . If the effects reflected pharmacokinetic differences, then sex differences would have been expected in all of these measures.
The hyperthermic but not the locomotor effects of MDMA attenuated over the 4 days of treatment in both males and females. The temperature results agree with previous observations that MDMA increases body temperature (Colado et al. 1993; Dafters 1994; Mechan et al. 2001) and that this response diminishes across repeated days of administration (Cassel et al. 2004; Marston et al. 1999; Slikker et al. 1989) . Locomotor activity has been reported to decrease or not change after comparable regimens (Cassel et al. 2004; Marston et al. 1999; Slikker et al. 1989) . Effects on locomotion likely reflect the specific dose regimen. Attenuation could be expected with MDMA produced an anxiogenic effect in male and female rats in the elevated plus maze when tested 2 weeks following a 4-day, bid, dosing regimen (n=28-35 per group). *Significantly different than same-sex control rats (p<0.05) the present regimen since MDMA treatment transiently depletes 5-HT and presumably causes a successively smaller release of 5-HT (due to depleted pools) (Fuller 1978 (Fuller , 1985 . Marked serotonin depletion can actually enhance locomotion in an open field or after stimulant challenge, but this has been observed only after more severe serotonin depletions than probably occurred in this study (Dringenberg et al. 1995; Gately et al. 1985) . The present study utilized large MDMA challenge doses, and so a robust effect on locomotor stimulation might have offset diminished serotonin stores, although the latter were not quantitated at 4 days. Since the duration of treatment was so brief, this finding is not necessarily relevant to reports of gradual tolerance to the subjective effects of MDMA nor to reports of supersensitivity which occurs after longer treatment durations (Parrot 2005) . Females but not males showed sensitized responding when tested 2 weeks after the last treatment. Several investigators reported sensitization in males (Dafters 1995; Kalivas et al. 1998; Spanos and Yamamoto 1989) . However, sensitization in males following the brief 4-day paradigm used in this study has not been reported. The sensitization observed in females is consistent with the greater sensitization in females noted after repeated treatment with psychomotor stimulants like cocaine (Booze et al. 1999; Hu and Becker 2003; Sircar and Kim 1999) . Multiple mechanisms could contribute to this enhanced response including greater changes in dopamine signaling, upregulation of serotonin receptors like that occurring after other manipulations that deplete serotonin, or some adaptation that is specific for MDMA (Dringenberg et al. 1995; Gately et al. 1985; Nestler 2004) . The augmented response in females could reflect a sex-specific receptor upregulation facilitated by estrogen-facilitated 5-HT 2 receptor synthesis (Bankson and Cunningham 2002; Cyr et al. 2002; Reneman et al. 2000) .
Are findings of enhanced locomotor activation and sensitization in females relevant to human experience with MDMA? Female MDMA users do report greater subjective (and aversive) effects of acute MDMA and greater midweek letdown after use when they receive doses comparable to males (Liechti et al. 2001; Topp et al. 1999; Verheyden et al. 2002) . However, such studies are complicated by sex differences in preexisting psychiatric disorders as well as polydrug abuse that is typical for MDMA users (Milani et al. 2004) . Our findings support the possibility that reported sex differences represent at least in part a greater pharmacologic action of the drug.
The MDMA treatment paradigm used in this study produced a sustained decrease in 5-HT and 5-HIAA in all brain regions studied that could reflect damage to serotonin nerve terminals. Most studies using comparable treatment regimens also report sustained reduction in serotonin content and other markers of serotonin nerve terminals (see review by Lyles and Cadet 2003) . The extent to which these changes reverse is controversial: some studies show restoration of serotonin content in rodents after extremely long recovery times (Battaglia et al. 1988; Lew et al. 1996; Sabol et al. 1996; Scanzello et al. 1993) , and some assert that nerve terminals are not damaged (Wang et al. 2005) . The loss of serotonin in the present study occurred with only modest temperature increases. Elevated temperature exacerbates the serotonin loss after MDMA (Colado et al. 1993; Malberg and Seiden 1998) , but loss can occur without markedly elevated temperatures (McGregor et al. 2003) . The present results suggest that "harm reduction" approaches by limiting hyperthermia are not a guarantee against serotonin depletion.
The relevance of the present findings to prediction of human risk from MDMA use is controversial. The purpose of the present study was to produce robust depletions in order to evaluate the long-term behavioral consequences for those heavy users who do experience serotonin depletion rather than model typical human use patterns. An emerging literature in humans and animals does suggest that humans who are heavy MDMA users experience measurable loss of serotonergic markers (Buchert et al. 2004; De Win et al. 2004; Ricaurte et al. 2000; Semple et al. 1999) , although recovery in these markers may occur (Buchert et al. 2004; De Win et al. 2004 ) and the mediating mechanisms are still unknown.
The increase in anxiety-like behavior in the plus maze observed 2 weeks after the end of treatment suggests that diminished serotonergic function might contribute to this behavioral consequence. Similar behavioral changes after serotonin-depleting MDMA regimens have been reported previously in MDMA-treated rats (Clemens et al. 2004; Gurtman et al. 2002; McGregor et al. 2003; Morley et al. 2001) . However, the regulation of mood by 5-HT is complicated. Although 5-HT depletion after the serotonin neurotoxin 5,7-DHT can decrease anxiety-like behaviors (Briley et al. 1990 ), others have shown no effect (Critchley et al. 1992) or increases in such behaviors after serotonin depletion (Balfour et al. 1986 ). Hall et al. (1999) observed a decrease in open arm time on the elevated plus maze following moderate 5-HT depletion and no effect following extreme 5-HT depletion. These authors propose that the effects of mild to moderate 5-HT lesions reflect compensatory changes (increases) in basal extracellular levels of 5-HT rather than the loss of 5-HT neurons. The anatomical location of the 5-HT depletion may also be a critical variable. The dorsal raphe nucleus may be important in behaviors on the elevated plus maze (File and Gonzalez 1996; Gonzalez and File 1997; Gonzalez et al. 1998) . MDMA preferentially depletes 5-HT from fine-diameter neurons arising from the dorsal, but not median, raphe nucleus (Mamounas et al. 1991) , suggesting that MDMA administration may lead to an anatomically specific pattern of 5-HT depletion and, subsequently, have specific effects on plus maze performance.
These findings in animal models suggest that reports of disturbed mood and increased anxiety in heavy human users could reflect impaired serotonergic function. Graeff et al. (1993) have suggested that the elevated plus maze is comparable to aspects of panic disorder in humans. The current observation of altered plus maze performance may be analogous to reports of the development of panic disorder at time points not directly associated with drug use (McCann and Ricaurte 1992; Windhaber et al. 1998; Whitaker-Azmitia and Aronson 1989) . However, the mediating mechanisms for persistent anxiety-like behaviors after exposure to MDMA have not been established definitively in either rodents or humans. Given the different patterns of exposure in rodent models and after human use, the mediating mechanisms including the involvement of serotonin deficits might be different.
The reported consequences of even heavy MDMA use on mood in humans are highly variable. Studies of MDMA users report no effect, increases, or decreases in selfperceptions of anxiety (Liester et al. 1992; Morgan 1998; Parrott 2000; Verkes et al. 2001; Wareing et al. 2000) . These diverse results suggest that MDMA influences on anxiety levels are likely dependent upon the total exposure to MDMA, the time of abstinence from the drug, use of other drugs, and the type of anxiety assessed.
The contrast between the marked sex difference in the acute locomotor activation and the absence of sex differences in the persistent effects of MDMA suggests that sex differences in the subjective response to drug intoxication may not predict its persistent consequences. Several clinical studies report greater loss of serotonin terminal markers in women than in men (Buchert et al. 2004; De Win et al. 2004; McCann et al. 1994 ). These differences in humans could reflect the average greater dose women ingest due to the fixed dose that most human users receive rather than a specific vulnerability to serotonin depletion in women.
In conclusion, the current study showed that MDMA elicited much more robust locomotor activation in female than in male rats, but caused similar serotonin depletion and persistent anxiety-like behaviors 2 weeks after the end of treatment. This study has several potential extrapolations to human MDMA users. First, the greater loss of serotonin transporters observed in women may reflect greater total drug exposure rather than a greater sensitivity to serotonin depletion. Second, the greater subjective effects that women report could reflect greater acute MDMA effects on dopaminergic and serotonergic function. One important final caveat in interpreting any animal model of MDMA exposure is that the exposure patterns do not mimic typical human exposure patterns. Therefore, it is important to extrapolate cautiously to predict risk in human populations.
